Abstract| A robust servo-system, based on a combination of linear robust control and sliding mode control have been proposed. This new control system can be said to be a non-linear system (sliding mode control system) which has a inner loop of linear control (two-degree-of-freedom control). Due to this inner loop of linear control, a disturbance is strongly suppressed but not completely. Then, the outer loop of sliding mode control eliminates this disturbance suppression error.
I. Introduction
In the eld of robot manipulator control, one of the important issues is robustness of the servo-system. The robustness of a servo-system applied to each joint of a manipulator enables non-interferences among other joints. Several papers have been published concerning this issue [10] { [15] .
Particularly, the authors have proposed such a robust servo-system, based on a combination of disturbance observer and sliding mode control [13] { [15] . From the viewpoint of VSS, this control law has an advantage in the robustness with the less chattering, even at a relatively low sampling frequency. The introduction of the disturbance observer improves the robustness of conventional sliding mode control.
However, some papers show that very robust system against a disturbance and a uctuation of plant parameters can be constructed using only the disturbance observer [9] , [10] , with a structure of two-degree-of-freedom control system. In other words, the disturbance response can be set irrelevantly to command input response. Essentially, twodegree-of-freedom control system is derived from stability and achievable transfer characteristics of a linear system [2] { [4] . As a result, it includes equivalently linear control system such as a disturbance observer [1] , [5] .
These linear robust controller can compensate the disturbance strongly, but not completely. There is a remaining disturbance which cannot be completely compensated by such a linear robust controller, because the cut-o frequency of disturbance reduction HPF (sensitivity function)
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IEEE Log Number 9410545. cannot be set much high. There is an alternative trade-o between the reduction of the disturbance and the reduction of the inuence of the sensor noise or the parameter uctuation. In this paper, sliding mode control is introduced into a linear system controlled by two-degree-of-freedom controller in order to eliminate the disturbance suppression error. In the simulations and experiments, this control scheme is applied to DC servo motor positioning control, and the eectiveness is claried.
II. Plant Model
In order to inspect the proposed servo control scheme, the voltage controllable DC motor is adopted as a plant. The mechanical dynamics and circuit dynamics are expressed as follows: The other parameters and the motor's specications are shown in Table I .
Because the electrical time constant is much smaller than the mechanical one, the delay of electrical response can be ignored. At this time the following equation is derived from 
where
The plant system can be regarded as a second order system.
III. Two-Degree-of-Freedom Control
The characteristics of this control law is that the command input response and the disturbance response can be set independently from each other, and the stability is guaranteed [2] { [4] . Moreover this system includes conventional linear control systems such as a disturbance observer [1] , [5] . Two-degree-of-freedom control system has an advantage over those systems, because it is designed positively The conguration of this system is shown in Fig. 1(a) . Here, u is the controller's output, r is the command input, y is the plant's output, d is the disturbance and the observation noise. In Fig. 1(a) , the command input response G yr (s) and the sensitivity function S(s) become
The sensitivity function S(s) indicates not only sensitivity to uctuation of plant parameters, but also disturbance reduction characteristics. From these equations, the following controllers are obtained:
where P n (s) is the nominal plant model and G yr (s), S(s) are the free parameters. This expression of controllers means that the command input response and the sensitivity function can be set at the designer's will. Thus, the global system can be designed insensitive to disturbance and uctuation of plant parameters.
However, free parameters G yr (s) and S(s) should be selected to satisfy some conditions. The reason is that only when all transfer functions from all input signal fr; d; g to all sub-system's output fu; yg are stable, the global system is stable. These transfer functions become Here, RH 1 expresses a set of proper and stable transfer functions.
Moreover, the following conditions should be satised for output regulation (r 0 y) ! 0j t!1 .
From the conditions (11), (12) (7), (8) . Then, the next dynamics of the total system is obtained (13) In order to construct the robust servo-system, parameter S(s) is set to a low gain in the low-frequency domain, because uctuation of the disturbance and the plant parameters are usually slow. And 1 0 S(s) is selected as a lowpass lter, because observation noise is usually at high frequency.
For example, in an application to positioning system of DC servo motor, the parameters can be set as follows: Then, Fig. 1 (a) can be transformed to Fig. 1 (c). It shows that the two-degree-of-freedom control system includes an equivalent system to the disturbance observer. In a design of disturbance observer, one of the important issues is how to express the disturbance generation on the augmented state equation. In other words, this problem is equivalent to how much to consider the order of the disturbance. However, from the viewpoint of disturbance observer design, it is dicult to consider disturbance regulation on the output. On the other hand, in the design of two-degree-of-freedom control system, this problem is equivalent to a consideration of the order of parameter S(s). And then, the condition of disturbance regulation on the output has been given as the condition for parameter S(s). Besides, two-degreeof-freedom control type realization receives less inuence of operation time delay when the system is realized as a digital system, compared with disturbance observer type. 
IV. Introduction of Sliding Mode
A disturbance which cannot be completely compensated by the linear controller remains in the two-degreeof-freedom control system. Then, we introduce a sliding mode control to suppress this disturbance suppression error.
The feature of sliding mode control is that the robustness for uctuation of plant parameters can be obtained by the simple control logic. However, in the case of conventional sliding mode control, if the load torque is larger than the dither signal, the sliding mode does not exist and stability is not assured. Therefore, the dither needs to be established large enough, but it causes a large chattering which has bad inuence on the mechanism. In order to reduce this chattering, the authors have proposed to compensate some part of the load torque by the disturbance observer [13] { [15] . Then, the proposed system does not need the large dither. In this paper, the proposed system is constructed by replacing some parts of the linear controller of two-degree-of-freedom control system, which decides command input response G yr (s), with a sliding mode controller ( Fig. 3(a) ). The remaining linear controller has the same eect as the disturbance observer. Fig. 3 (a) can be transformed equivalently to Fig. 3(b) . In Fig. 3(b) , after a disturbance being reduced by the linear controller, the plant system can be described as the following error system: 
Here, 1d 0 is dened as the disturbance suppression error by the linear controller and S is dened in time domain as impulse response of transfer function S(s). The operator 3
expresses the convolution. The sliding mode control can be applied to this system. In this proposed method, the control input is determined 
Here, the parameter K f is a dither signal which compensate the disturbance. The parameters of sliding mode controller can be determined from the stable condition of the global system. The next function is dened as a Lyapunov function [16] 
where (27), (28) and (29) correspond to the condition of existence of sliding mode and reachability to the sliding line. Against very large step function type disturbance, inequation (29) cannot be satised temporarily. However, due to the linear controller, j1d 0 j becomes smaller and the state variables will come back to the sliding line within a nite time. The above proof of system stability has an assumption that the linear controller in equation (29) is stable. Thus, it is clear that the total system becomes stable only if the inner linear system is stable.
V. Disturbance Response
When a plant system is controlled by sliding mode control, the plant dynamics are bound to the sliding line [6] , [7] . Under the ideal sliding mode, the trajectories are completely equal to the equation of sliding line. However, if there is a switching delay 1t, the trajectories slightly shift from the sliding line in proportion to the magnitude of disturbance. In the case of system (17), the equation of the trajectories is modied as follows from (46) 
The detail of the derivation is shown in appendix. However, from inequation (29), only when the disturbance suppression error 1d 0 is smaller than the dither K f , the sliding mode exists and the equivalent block diagram Fig. 3(c) is realized. Fig. 6 shows the various order of disturbance which satises this condition. If the disturbance is located within this domain, the equivalent block diagram Fig. 3(c) is completely accomplished and the disturbance suppression becomes very strong, as Fig. 5 . If a very large disturbance beyond the domain is imposed, some part of the disturbance suppression depends on only linear controller. Thus, the disturbance becoming the larger, the disturbance response becomes similar to one of pure two-degree-of-freedom control. A.
Step Type Disturbance Fig. 7(a) and Fig. 7(b) . The imposed disturbance in Fig. 7(a), Fig. 7(b) is 10 times lager than the dither. Therefore, the improvement of disturbance suppression by sliding mode cannot be observed obviously. The disturbance here is out of range in Fig. 6 . Fig. 7(c), Fig. 7(d) . The lowfrequency disturbance imposed in Fig. 7(c), Fig. 7(d) is located within the domain of suppressible disturbance in Fig.  6 , which can be compensated by sliding mode. Thus, in this case, the proposed control scheme has very stronger disturbance compensation than pure two-degree-of-freedom control.
VII. Experimental Results
In the experiments, DSP (NEC: PD77230, 32-b oating point) are used at 200 [s] sampling time, and the 1/100 gear ratio DC servo motor is driven by a 20-kHz switching frequency MOSFET chopper. The pulse counter generates 1 000 pulse per roll on the motor shaft (it becomes 100 0000 pulse/roll on the geared shaft), and the speed is detected through 12-b A/D converter by a tachometer. In the experiments, two kind of articial disturbances were inicted by adding disturbance voltage to the input.
Experiments of the step response under very large step Fig. 8(a) , Fig. 8(b) . In Fig. 8(b) , some overshoot appeared, probably because of the inuence of the switching delay with rotor inductance. Fig. 8(c), Fig. 8(d) .
These results are almost similar to the simulation results.
VIII. Robustness for Inertia Fluctuation
The robustness for the inertia uctuation are shown in Fig. 9 , (b) of which is a step response when the plant inertia J becomes 3 times larger than the nominal inertia J n . There is almost no dierences between the response (b) and the one without inertia uctuation Fig. 9(a) .
IX. Conclusion
For almost all kinds of disturbances except high-speed ones, the proposed control system has very strong robustness. The reason is that the sensitivity of disturbance can be reduced in proportion to switching frequency of sliding mode. In other words, using the dither, the proposed system can compensate the remaining disturbance, which cannot be completely compensated by the linear controller. When we use a DSP and set the sampling time less short than 1 ms, the proposed control can eliminate the disturbance suppression error more eectively to the order of 10 03 .
In combination with sliding mode control, two-degree-offreedom control becomes more robust.
Appendix
In order to consider the disturbance response under the sliding mode, we assume that the conditions of existence of sliding mode are satised.
When the system is expressed as follows and the switching delay 1t exists, the state transition in the neighborhood of sliding line becomes as Fig. 10 . 
This is equivalent to (30).
